I. Introduction and Project Objectives
The localized surface plasmon resonance (LSPR) results from the collective oscillation of the conduction band electrons in small (d << ) metallic nanoparticles. The last several decades have seen an explosion in the study and application of plasmonic particles to problems ranging from fundamental optics{Maier, 2001 #177; Ozbay, 2006 #174; Pendry, 2006 #173; Smith, 2004 #176} to biology.{Lyon, 1998 Kneipp, 1997 #60; Kneipp, 2006 #153} Despite the fact that many applications of plasmonic particles rely on the large near-electric-field enhancements obtained when the particle is irradiated at the LSPR frequency it remains quite challenging to directly image these near-field enhancements. Theoretical predictions indicate that field enhancements can be confined to spaces as small as 1-2 nm which is well below the diffraction limit for optical microscopes. In contrast to optical microscopy, electron microscopy can easily image features on the nanometer scale, with the resolution of individual atoms being routinely achieved.{Williams, 1996 #53} Until recently, this feature of electron microscopy has not been applied to the imaging of low-energy (1-3eV) plasmon modes in nanoparticles.
When a material is exposed to an energetic beam of electrons, such as those in a transmission electron microscopy (TEM), some of these electrons will be inelastically scattered. The energy spectrum of the inelastically scattered electrons corresponds to excitations in the probed material. While electron energy loss spectroscopy (EELS) measurements in the low-loss region (<50eV) of processes such as bulk plasmons and Auger processes are well known,{Williams, 1996 #53} it is only in the last several years that useful information has begun to be extracted from the low energy end of this region, in which the LSPR modes lie (<3 eV, >400 nm). This region of the spectrum is dominated by the zero-loss-peak (ZLP), formed by the elastically scattered electrons, which is many times more intense than the adjacent inelastically formed low-loss and core-loss edges. Deconvolution of the ZLP from the spectrum to resolve peaks in the very low LSPR region has recently become possible due to advances both in monochromation and the introduction of the cold field emission electron gun, both of which reduce the full width half maximum of the ZLP significantly. {Williams, 1996 #53} In 2007 Nelayah et al.{Nelayah, 2007 demonstrated the ability to measure spatially resolved EEL spectra with loss features very close to the zero loss peak in a scanning TEM (STEM). Using the combination of EELS and STEM they were able to map LSPR modes in individual Au nanoprisms down to 1.75 eV (700 nm). Bosman et al.,{Bosman, 2007 #57} also in 2007 , reported plasmon mapping studies of Ag and Au nanoparticles. Since these initial studies N'Gom et al. {N'Gom, 2009 #102; N'Gom, 2008 #103} and Chu et al.{Chu, 2009 #187} have extended the initial studies to include coupled nanoparticles and explored dark plasmon modes, i.e. those that cannot be excited by far-field (plane wave) optical fields. These studies demonstrate the potential for EELS/STEM and energy filtered imaging TEM (EFTEM) to make a major contribution to our understanding of the near-field enhancements that drive current applications of plasmonic nanostructures. Despite the promise, fundamental details of the connection between EELS derived data and optical excitation remain unclear.{Hohenester, 2009 #42} Therefore, a major component of this proposal is to elucidate the connection between optical and electron excitation of plasmon modes in metallic nanostructures.
II. Accomplishments
A. Developed a routine protocol for obtaining spatially resolved, low energy EELS spectra, and resonance Rayleigh scattering spectra from the same nanostructures.
In the first year of this proposal we have concentrated on the experimental methods and have studied several model systems. A survey of various nanoparticle geometries in both the optical and electron microscopes was made and the experimental parameters were optimized. Having solved several experimental challenges we can now routinely record the correlated optical/electron microscope measurements suggested in our proposal.
B. Correlated optical scattering spectra and plasmon maps obtained using STEM/EELS.
We obtained spatial maps of the localized surface plasmon modes of high aspect ratio silver nanorods using EELS and correlated them for the first time to optical data from the exact same particle. We applied multivariate statistical analysis (MVSA) to extract both light and dark plasmon modes, which show excellent agreement with classical electrodynamics calculations. Figure 1 reveals that vastly more information is available by utilizing EELS mapping. Where the optical spectrum measures only specific allowed transitions within a limited energy range, and the summed EEL spectrum shows overlapping collections of modes, MVSA reveals all of the symmetries and energies predicted by simulation -including both bright and dark modes, with a spatial resolution on the length scale of the plasmon itself. It is clear from comparison of the summed EEL spectra with the MVSA deconvoluted EELS plasmon maps, that, the relatively low energy resolution of the electron microscope leads to such great spectral overlap of modes that they cannot be identified without the deconvolution. Low EEL spectrum image (SI) mapping with MVSA, when combined with optical scattering data and electrodynamics modeling, as demonstrated in this report, provides an invaluable method for the characterization of plasmonic nanostructures whose complexity will only continue to increase in the future.
C. Imaged electromagnetic hot spots responsible for single-molecule surface-enhanced Raman scattering (SMSERS).
We performed the first STEM/EELS imaging study of plasmonic nanostructures confirmed to be SMSERS-active. It has been widely accepted that the hot spots that give rise to SMSERS activity are located at the junction between two nanoparticles. By utilizing the bianalyte approach,{Etchegoin, 2007 #380;Le Ru, 2006 #158} with correlated STEM/EELS, we demonstrated that electromagnetic hot spots can be excited with an electron beam when it is positioned at the periphery of a nanoparticle aggregate. 
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